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In vitro poly(dA) synthesis on poly(dT) template can be initiated by poly(A) primer. Poly(A) chains are 
covalently extended by DNA polymerase. The reaction product consists of poly(dA) chain with poly(A) 
at their 5’-ends, hydrogen bonded to the template poly(dT). The primer poly(A) is linked to the product 
poly(dA) via a 3’ : 5 ’ -phosphodiester bond, and can be specifically removed by ribonuclease H from chick 
embryos, leaving a 5 ‘-phosphate end of poly(dA). Poly- or oligoriboadenylate longer than the (pA)s could 
serve as a priming activity to synthesize poly(A) covalently linked to poly(dA). 
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1. INTRODUCTION 
DNA replication in bacteria [l--5], and eukaryo- 
tic cells [6-lo] seems to occur in a discontinuous 
manner with the intermediate formation of short 
fragments (first described in [l]) and it has been 
proposed that RNA synthesis might be involved in 
the initiation of synthesis of Okazaki fragments at 
specific sites on the template. DNA elongation in 
bacteria is considered to be completed by the dual 
action of DNA polymerase I (EC 2.7.7.7) in exten- 
ding the main chain and simultaneously by remov- 
ing the RNA primer by the 5 ’ + 3 ’ exonuclease ac- 
tivity integrated in DNA polymerase I. However, 
even in the highly purified eukaryotic DNA 
polymerases, the enzyme corresponding to the ex- 
onuclease that might remove the RNA primer 
could not be detected in these preparations. As to 
a candidate to remove the RNA primer in DNA 
replication in eukaryotic cells, we have been study- 
ing the ribonuclease H (RNase H: EC 3.1.26.4), 
which specifically degraded RNA portion in 
RNA. DNA hybrid structure from rat liver [ 1 l] 
and brain [12] and plant cells [13]. We have shown 
that at least two RNases H are present in animal 
cells: an Mg’+-dependent RNase H and an 
Mn2+-dependent RNase H, distinguished from one 
another by chemical and physical properties [14, 
151. Due to the limited quantity of these enzymes 
in rat liver, we have purified these RNases H from 
chick embryo extracts, and have shown that the 
properties of these enzymes are similar to those of 
rat liver nuclei, although biochemical characteriza- 
tion showed several differences in reaction proper- 
ties of the two RNases H [16]. 
Here, coupling with DNA polymerase from 
Micrococcus luteus and RNA polymerase 
(EC 2.7.7.6) from E. coli, covalently linked 
poly(A)-poly(dA) complementary to poly(dT) was 
synthesized. We describe the cleaving mode of the 
RNA part of the RNA-DNA chains using 
homopolymer poly(A)-poly(dA). 
2. MATERIALS AND METHODS 
t3H]ATP (25 Ci/mmol) and [a-32P]dATP (400 
Ci/mmol) were from the Radiochemical Centre 
(Amersham). Poly(dT) was from Miles Labs 
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Bethesda). Diadenosine 5 ’ ,5 ’ ’ ’ -P’,p-tetraphos- 
phate (Ap4A) from P-L Biochemicals (New York). 
RNA polymerase [17] from E. coli K-12 (spec. act. 
1 x lo3 units/mg protein) and DNA polymerase 
[ 181 from Micrococcus luteus (spec. act. L 150 
units/mg protein) were purchased from Sigma 
Chemicals (St Louis) and Miles Labs, respectively. 
Mg’+- and Mn’+-dependent RNases H were 
purified from chick embryos by the procedures in 
[14]. With DNA. [3H]RNA hybrid, 1 mg protein 
converted -0.03 mmol RNA to its acid-soluble 
material in each enzyme for 5 min at 37°C. 
Protein was determined by the method in [19]. 
3. RESULTS 
When assayed with homologous template poly 
(dT), with [3H]ATP and d[a-32P]ATP, in the pres- 
ence of DNA polymerase and RNA polymerase, 
the synthesis of poly(dT) ’ [3H]p~ly(A)-[32]poly- 
(dA) was obtained as shown in fig. 1. DNA syn- 
thesis completely required a priming RNA syn- 
thesis. [3H]poly(A)-[32P]poly(dA) complementary 
to poly(dT) was synthesized in vitro with RNA- 
and DNA polymerases. This partial hybrid was 
then purified by phenol-chloroform extraction. 
When the hybrid was incubated with 
Mg*+-dependent RNase H from chick embryos, 
the RNase H degraded only the poly(A) portion, 
whereas poly(dA) and poly(dT) portions were not 
degraded by this RNase H (not shown). 
To examine the product of coupled homologous 
hybrid synthesis reactions, poly(dT) covered by 
complementary poly(A)-[32P]poly(dA) homolo- 
gous hybrid was synthesized, and purified by 
phenol-chloroform extraction. If the poly(A) 
primer was covalently linked to poly(dA) by 
3 ’ : 5 ’ -phosphodiester bond, the 5 ’ -phosphorus 
atom of the first deoxyriboadenylate should have 
been transferred to adjacent riboadenylate upon 
alkaline hydrolysis, resulting in a 2’- or 
3’-[32P]AMP. So the products of alkaline 
hydrolysis were analyzed by anion-exchange resin. 
The same amounts of radioactive 2’-AMP and 
3 ’ -AMP were recovered by anion-exchange resin 
(fig. 2A). These results indicate that the primer 
poly(A) is linked to the product poly(dA) via 
3 ’ : 5 ‘-phosphodiester bond. After the RNase H 
from chick embryos was incubated with poly(dT). 
poly(A)-[32P]poly(dA) homopolymer, the pro- 
Time ( min 1 
Fig. 1. Requirements for synthesis of poly(A)-poly(dA) 
chains complementary to poly(dT) in the RNA 
polymerase coupled reaction. The complete mixture 
(0.1 ml) for the assay of homopolymer synthesis using 
poly(dT) as template contained 50 mM Tris-HCI (pH 
7.8), 20 mM KCI, 1OmM MgC12, 1 mM dithiothreitol, 1 
pg poly(dT), 16.5 yM [‘H]ATP (0.25 ,Li), [~u-~‘P]ATP 
(0.5 /cCi), 9% glycerol, 0.67 unit of RNA polymerase 
and 0.5 unit of DNA polymerase. After incubation at 
37”C, the tubes were chilled and 5 ml of 5% trichloro- 
acetic acid containing 10 mM sodium pyrophosphate 
was added. Acid-precipitable material was collected on 
Whatman glass-microfilters GF/C. After extensive 
washing with 5% trichloroacetic acid/l0 mM sodium 
pyrophosphate and ethanol, the filters were counted in 
toluene-based scintillation fluid: (0) incorporation of 
32P into poly(dA); (A) incorporation of 3H into poly(A); 
(0) complete reaction mixture minus RNA polymerase. 
ducts of the reaction were purified as above, and 
treated with alkali. The identity of the products 
after alkaline treatment was further verified after 
elution from anion exchange resin as above. The 
labeled 2’(3’)-AMP was extremely decreased after 
the treatment of RNase H (fig. 2B). The same 
results were obtained, when Mn*+-dependent 
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Fig. 2 Separation of 2’-AMP and 3’-AMP by 
Dowex-1-formate column chromatography of acid- 
soluble material after alkaline-hydrolysis of poly 
(A)-[32P]poly(dA) incubated with Mg2+-dependent 
RNase H. Poly(dT) . poly(A)-[32P]poly(dA) hybrid was 
prepared in 5 ml solution containing 9% glycerol, 
50 mM Tris-HCl (pH 7.8), 10 mM KCl, 10 mM MgC12, 
1 mM dithiothreitol, 25 Fg poly(dT)/ml, 18 pM 
[a”P]dATP (25&i), 65 PM ATP, 7 units RNA polyme- 
rase/ml and 5 units DNA polymerase/ml. After incuba- 
tion at 37°C for 60 min, each reaction mixture was then 
extracted with phenol-chloroform (1: 1) saturated with 
1 M Tris-HCl (pH 7.8). The phenol-chloroform was 
subsequently removed by extraction with ether. The 
hybrid isolated was completely dialyzed against 0.1 M 
NaCl, 0.01 M Tris-HCl (pH 7.5) and 0.1 mM EDTA. 
Poly(dT) . poly(A)-[32P]poly(dA) containing 3.6 x lo6 
cpm of “P, was incubated with 100 mM Tris-HCl (pH 
8.0), 15 mM MgClz, 10 mM 2-mercaptoethanol, 300 pg 
of bovine serum albumin and 5 units of RNase H from 
chick embryos for 1 h at 37’C in 3.0 ml total vol. con- 
taining 0.1 M NaCl. The reaction was stopped by the ad- 
dition of 0.1 ml of 0.1 M EDTA, 0.1 ml of bovine serum 
albumin (10 mg/ml) and 5 ml of 10% trichloroacetic 
acid. After centrifugation, the precipitate was suspended 
in 0.8 ml 0.5 M KOH and the mixture was shaken. After 
the addition of 10 ml 5% trichloroacetic acid, the 
precipitate was resedimented by centrifugation and the 
process was repeated twice more. The acid-washed 
precipitate was incubated for 18 h at 37’C in 3.0 ml 
0.3 M KOH. 50 nmol each 2’- and 3’-AMP was added 
to the supernatant and 300 ~1 3 M perchloric acid was 
added at 0°C. The precipitate was removed by low-speed 
centrifugation and the resulting supernatant after cen- 
trifugation was neutralized with KOH. The material was 
separated by chromatography on Dowex-1-formate col- 
umn [20]. Neutralized alkaline hydrolysate containing 7 
pmol 2’(3’)-AMP was loaded onto a Dowex-1-formate 
(X8,200-400 mesh) (0.5 x 38 cm), and then eluted with 
0.25 M formic acid. Fractions of 5 ml were collected, 
and A260 and radioactivity in each fraction were assayed: 
(A) no RNase H; (B) plus RNase H. 
Table 1 
Activity of oligoribonucleotides as primers for DNA 
synthesis catalyzed by DNA polymerase from Micro- 
coccus luteus with poly(dT) as template (cpm) 










The products after complete digestion by 
homopolymeric hybrid, [3H]poly(A). poly(dT) with 
RNase H were analyzed by DEAE-cellulose in 8 M urea 
as in [21]. Each oligonucleotide fraction contained 
3 ’ -hydroxyl and 5 ‘-phosphate termini, (pA)3 to (pA)9 
was collected. To remove urea, the collected fraction was 
applied onto a DEAE-Sephadex A-25 (1 x 3 cm), and 
washed with 0.05 M NH4HCO3 to remove urea. 
Oligonucleotides were eluted by 1 N NH4HCO3. Each 
oligoriboadenylate was dissolved in water after the liquid 
was evaporated. The complete reaction mixture (0.1 ml) 
contained 9% glycerol, 50 mM Tris-HCl (pH 7.8), 
20 mM KCl, 10 mM MgC12, 1 mM dithiothreitol, 20 PM 
[cu-32P]dATP (0.1 &i), 1 pg of poly(dT) and 0.5 unit of 
DNA polymerase. Incubation was carried out for 30 min 
at 37°C. Acid-insoluble radioactivity was determined as 
in fig. 1 
RNase H was used (not shown). These results in- 
dicate that RNase H attacked a phosphodiester 
link between AMP and dAMP, leaving 5 ‘-phos- 
phate-poly(dA). 
Oligoriboadenylates, with 3 ’ -hydroxyl and 
5 ’ -phosphate termini, were examined whether they 
serve as a priming function to synthesize DNA in 
vitro. Little activity for DNA synthesis was shown, 
when the oligoriboadenylates maller than (pA)4 
were used as a primer (table 1). However, the 
primers longer than (pA)s could serve as primers to 
synthesize DNA, with the increased AMP moiety 
of oligoriboadenylate, Ap4A could not be utilized 
by this DNA polymerase. The nature of the 
covalent bond between the oligoriboadenylate and 
poly(dA) product is demonstrated in fig. 3. RNase 
H was incubated with poly(dT) . (pA)7-[32P]poly- 
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Fig. 3. Separation of 2’-AMP and 3’-AMP by 
Dowex-I-formate column chromatography of acid- 
soluble material after alkaline-hydrolysis of 
(pA)7-[32P]poly(dA) incubated with Mg’+-dependent 
RNase H. Poly(dT) . (pA)7-[32P]poly(dA) hybrid was 
prepared by the methods in table 1 and fig. 2. Poly 
(dT) . (pA)7-[32P]poly(dA) containing 10’ cpm of 32P 
was incubated with RNase H (5 units) as in fig. 2. To 
determine covalent-linked oligoriboadenylate-poly(dA), 
the same procedures were employed as in fig. 2. The 
material was separated by chromatography on 
Dowex-1-formate to 2’- and 3’-AMP, and counted 
after the liquid was evaporated. 
(dA) homopolymer. The products of the reaction 
were subjected to alkaline hydrolysis, and analyzed 
by anion-exchange resin as described above. The 
labeled 2’(3’)-AMP was decreased after the treat- 
ment of RNase H (fig. 3B). From these results, 
oligoriboadenylate, (PA)~ linked to poly(dA) com- 
plementary to poly(dT), was degraded by RNase 
H. 
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